Harmonic generation is a general feature of driven nonlinear systems. In particular high-order harmonic generation (HHG) in atomic gases 1 is the basis for producing attosecond pulses 2, 3 . In molecules and clusters, the existence of multiple ionization and recombination sites makes for richer dynamics allowing imaging of molecular orbitals 4, 5 , higher conversion efficiency 6 and the possibility of extending the high-energy cutoff 7 . In the strong-field limit, HHG in bulk crystals is fundamentally different from that in the atomic case owing to the high density and periodic structure. Here we present the first observation of HHG in a bulk crystalline solid using a long-wavelength few-cycle laser. The harmonics spectra extend well beyond the band edge of the ZnO crystal, show a clear non-perturbative character and exhibit a cutoff that scales linearly with the electric field of the drive laser. Our results have important implications for the understanding of attosecond electron dynamics and other non-equilibrium band-structure-related phenomena in strongly driven bulk solids.
2 mc 2 is the ponderomotive energy of the electron in the laser field. The amplitude of the maximum excursion of a recolliding electron is r max = eEλ 2 /4π 2 mc 2 . For the conditions of our experiments, E = 0.6 V Å −1 at λ = 3.25 µm, the atomic case would be U p = 5 eV and r max = 32 Å. The latter is many times the lattice constant of a typical crystal. Thus, we expect the possibility of ionization from one site and recombination on another; however, because of the lattice periodicity the process would still be coherent. We note that at this field strength, the potential across a lattice constant is comparable to the bandgap of a typical insulator. Therefore, the field cannot be thought of as a small perturbation to the crystal. The non-perturbative HHG from bulk crystals has been considered theoretically [12] [13] [14] but has never been observed experimentally until now.
Previously, experimental observation of non-perturbative HHG in solids was only in reflection geometry [15] [16] [17] [18] . In transmission,
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perturbative harmonics below the band edge up to the seventh order were produced by exciting semiconducting ZnSe with a maximum field strength of ∼0.08 V Å −1 at a central wavelength of 3.9 µm (ref. 19) . Similarly, excitation of liquid water by stronger pulses resulted in harmonics up to the 13th order at a central wavelength of 3.66 µm (ref. 20) . Measurement of higher orders at strong-field (approaching 1 V Å −1 ) drive is limited by both the material damage and absorption of the high-energy photons by the dense media. The damage at this limit is mainly thought to be due to the multiphoton absorption and tunnel ionization 21 . We note the single-shot ablation threshold for ZnO is 0.6 V Å −1 when using 70 fs pulses at 0.8 µm centre wavelength 22 . Here we use a longer wavelength drive, centred at 3.25 µm, and are able to drive the system with the same field at 1 kHz without imposing physical damage. A higher threshold for a longer wavelength drive is probably due to the smaller photoabsorption cross-section in the case of high-order processes. At least nine photons are required for an excitation from the valance to the conduction band in ZnO in the case of 3.25 µm drive, unlike only two to three for 0.8 µm drive.
In the experiments, high-power, ∼9-cycle, wavelength-tunable (∼3.2 µm to ∼3.7 µm) mid-infrared laser pulses are produced by difference-frequency generation between a femtosecond Ti:sapphire laser and a picosecond Nd:YLF laser, providing up to ∼100 µJ per pulse at 1 kHz (ref. 23 ). The linear polarized mid-infrared light is focused with f /3 optics on a single-crystal ZnO wafer near normal incidence. ZnO is a non-centrosymmetric uniaxial crystal (wurtzite structure) with its optic axis along the hexagonal c axis. The crystal is mounted to allow rotation about its normal and translation through the laser focus. The laser focus is imaged using f /4 reflective optics on to the slit of a spectrometer (Acton SP300i) with a 150 g mm −1 grating and an intensified CCD (charge-coupled device) camera (ICCD, PI-MAX1024UV). The entire high-harmonic set-up is in a sealed container that is continuously purged with Ar gas. Thus, it is capable of detecting ultraviolet wavelengths down to ∼115 nm, limited by the transmission of the MgF 2 window on the ICCD. Figure 1a is representative spectra showing odd-order harmonics generated in a 500-µm-thick ZnO crystal cut perpendicular to its optic axis. The grating angle is set such that the low-energy end of the detection is approximately at the ZnO band edge (∼3.2 eV). The presence of harmonics above the bandgap suggests that the generation is limited to the last few tens of nanometres of material (assuming linear absorption of the harmonics corresponding to the field-free case). The spectra also show fluorescence due to electron-hole recombination. Unlike the harmonics, the fluorescence is long-lived as verified by delaying the electronic gate on the ICCD. The two spectra shown are taken at different pulse energies. The lower-pulse-energy (0.52 µJ) spectrum extends up to the 17th order, whereas the higher-pulse-energy (2.63 µJ) spectrum extends further to the 25th order. We note that the higher pulse energy is the limit where the crystal can be repeatedly driven at 1 kHz without imposing physical damage. This corresponds to a peak intensity of ∼5 TW cm −2 (field strength of ∼0.6 V Å −1 ). The peak intensity is the vacuum intensity estimated by measuring the photoelectron energy spectrum in gas-phase experiments orientation. Spectra for HHG in a 500-µm-thick ZnO crystal with the optic axis parallel to the surface. The crystal is rotated about its normal to vary the angle between the incident laser polarization and the optic axis. The field strength is 0.6 V Å −1 , and the wavelength of the driving field is centred at 3.25 µm. The odd and even harmonics appear every 90 • and 180 • respectively whereas the fluorescence signal remains isotropic. The intensity is shown in false colour on a natural-log scale in otherwise arbitrary units. The grating angle is set such that both below-and above-gap harmonics are observed.
using the same focusing geometry. Figure 1b shows the measured high-energy cutoff as a function of the drive-laser field. We find that the cutoff scales linearly with the field. This is a striking difference from the atomic case where the scaling is quadratic in the field 11, 25 . Finally, we note that for moderate pulse energies, the spectra are only weakly dependent on the position of the focus; however, for the higher pulse energies the spectra are dominated by the fluorescence as we focus towards the front surface and by the harmonics peaks with better modulation depth as we focus towards the back surface of the crystal.
The non-perturbative character of the high-order harmonics can be clearly seen in the scaling of the individual harmonic peaks with drive intensity. Figure 2 shows how the harmonic peaks HO 9-21 scale as a function of estimated drive-laser intensity from 0.5 to 5 TW cm −2 (field strength from 0.2 to 0.6 V Å −1 ) on a logarithmic scale. We note that in the perturbative regime, the harmonics would scale with the order of the process. For comparison, we show this scaling for a 15th-order process. At lower intensities, the harmonics are highly nonlinear with a similar intensity dependence irrespective of order, whereas at higher intensities the scaling is much closer to a linear scale.
The HHG spectra show no qualitative differences as a function of the mid-infrared polarization direction for propagation along the optic axis. This is not the case for a crystal with the optic axis in the plane of the surface, which shows strong polarization effects. Figure 3 shows the measured harmonic spectra as a function of the angle between the laser polarization and the optic axis. Note that in general both odd and even harmonics are generated, whereas only odd harmonics are generated when propagating along the optic axis. The odd and even harmonics show their maxima every 90
• and every 180
• of rotation, respectively. The two-fold symmetry of the even harmonics is consistent with the inversion symmetry breaking along the c axis. This is strong evidence that the source of the harmonics is in fact the bulk periodic solid. We further note that for orientations where the input polarization is not parallel or perpendicular to the optic axis, the laser polarization becomes elliptical on propagation.
We study the ellipticity dependence of HHG for the case of propagation along the optic axis (that is, in the absence of the crystal birefringence) using a quarter-waveplate to set the polarization. In this particular case, the measurement is carried out at ambient conditions using a spectrometer (TRIAX 180 with 1024MSA ICCD) that covers from ∼800 nm to ∼200 nm wavelength range, and the drive-laser central wavelength is tuned to 3.66 µm to match the retardation of the available waveplate. Figure 4 shows the results for linear, elliptical and circular polarization, as indicated in the legend. We find that unlike in the gas phase 25 , overall the harmonics here are less sensitive to the ellipticity, requiring a circular polarization to effectively turn off the HHG process, despite the strong-field ionization (as evidenced by the fluorescence at the band edge). The relative insensitivity of the harmonics to ellipticity is an indication that the process is not limited to ionization and recombination on the same site.
For illustrative purposes, we consider a simple model that shows how non-perturbative HHG could arise in a solid owing to periodically modulated Bloch oscillations. For oscillations in a single cosine band, the harmonics of the drive frequency are expected to extend on the order of ω B /ω (ref. 12) , where ω B = eEd/h is the corresponding Bloch frequency for Bragg scattering of an electron of charge e from a lattice of periodicity d for a peak electric field, E. However, in our experiments, we detect harmonics up to the 25th order for conditions when ω B /ω ∼ 5. A more realistic LETTERS description for the mechanism would include the dressed band structure with both intra-and inter-band transitions as well as propagation effects. Despite these complications, in what follows we will see that a model for acceleration in a single non-cosine band allows much higher-order harmonics and captures the general features of measured HHG spectra including the linear scaling of the cutoff with applied field.
We consider a one-dimensional band, (k) = c n cos nkd. The acceleration of a small electron density N centred at k = 0 at the peak of the electric field, E cos(ωt ), will produce a nonlinear current density,
where m * is the band effective mass at k = 0, b n = c n d 2 m * /h 2 are scaled Fourier coefficients of the band and J l is a Bessel function of the first kind of order l. We write the time-dependent current in a form reminiscent of Ohm's law, but it is clearly nonlinear, with a spectrum comprising odd harmonics of the driving frequency that will subsequently radiate. Figure 5a -d shows the normalized drive field, nonlinear current, the electron trajectory and corresponding spectrum for the time-varying current when ω B /ω = 5. We choose a primarily cosine band with a small third spatial harmonic component ( (k) = 2.5(1-0.95coskd − 0.05cos3kd) (eV)), where
This approximates the first conduction band of ZnO along -M as calculated using the non-local empirical pseudopotential method in ref. 26 . Figure 5d also shows the calculated spectra for a cosine band ( (k) = 2.5(1 − coskd) (eV)) demonstrating the sensitivity of the spectrum to the small variation in the band structure. Evidently the harmonic content in the current is due to a combination of Bragg scattering near the peaks of the electric field along with anharmonic motion in the band, all of which repeats every half-cycle of the laser field. The contribution to the current for spatial frequency nk scales non-perturbatively for sufficiently high fields, resulting in a plateau extending to harmonic order (2s − 1) n ≈ neEd/hω. Thus, the high-energy cutoff will scale linearly with the field-in agreement with our experimental results. Finally, we note that the absence of even harmonics in this model is a consequence of the inversion symmetry of the bands and the semiclassical equations of motion; although, in a non-centrosymmetric material, a finite Berry's phase on Bragg scattering leads to a correction in the equations of motion 27 that could allow for the even harmonics.
We demonstrate a first experimental observation of nonperturbative HHG in a strongly driven wide-bandgap (3.2 eV) semiconductor using mid-infrared (0.34-0.38 eV) few-cycle laser pulses. We measure harmonics up to the 25th order, extending to 9.5 eV-more than 6 eV above the band edge. We find that the high-energy cutoff scales linearly with the driving field in contrast to that in the atomic case where the scaling is linear to the intensity. The spectrum comprises odd, or odd and even, harmonics depending on crystallographic orientation. We find that harmonics are less sensitive to the ellipticity of the driving field as compared with that from isolated atoms and molecules. The HHG spectrum from the bulk has an imprint of the band structure of a periodic solid. Therefore, in addition to the studies of ultrafast dynamics of electrons in a periodic solid, one can use the HHG spectra to explore the dressed band structure in the strong-field limit 28 .
